Retroviral integrase catalyses the integration of viral DNA into host target DNA, which is an essential step in the life cycle of all retroviruses 1 . Previous structural characterization of integraseviral DNA complexes, or intasomes, from the spumavirus prototype foamy virus revealed a functional integrase tetramer 2-5 , and it is generally believed that intasomes derived from other retroviral genera use tetrameric integrase 6-9 . However, the intasomes of orthoretroviruses, which include all known pathogenic species, have not been characterized structurally. Here, using single-particle cryo-electron microscopy and X-ray crystallography, we determine an unexpected octameric integrase architecture for the intasome of the betaretrovirus mouse mammary tumour virus. The structure is composed of two core integrase dimers, which interact with the viral DNA ends and structurally mimic the integrase tetramer of prototype foamy virus, and two flanking integrase dimers that engage the core structure via their integrase carboxy-terminal domains. Contrary to the belief that tetrameric integrase components are sufficient to catalyse integration, the flanking integrase dimers were necessary for mouse mammary tumour virus integrase activity. The integrase octamer solves a conundrum for betaretroviruses as well as alpharetroviruses by providing critical carboxy-terminal domains to the intasome core that cannot be provided in cis because of evolutionarily restrictive catalytic core domain-carboxy-terminal domain linker regions. The octameric architecture of the intasome of mouse mammary tumour virus provides new insight into the structural basis of retroviral DNA integration.
The Francis Crick Institute, Blanche Lane, South Mimms, Potters Bar, Hertfordshire EN6 3LD, UK. 4 Department of Biochemistry, The University of Texas Health Science Center at San Antonio, 7703 Floyd Curl Drive, San Antonio, Texas 78229, USA. 5 Division of Medicine, Imperial College London, St. Mary's Campus, Norfolk Place, London W2 1PG, UK. Letter reSeArCH central portion of the structure to ~4 Å for the best-resolved regions (Extended Data Fig. 2d ). Each IN monomer is composed of an amino (N)-terminal domain (NTD), a catalytic core domain (CCD) and a carboxy (C)-terminal domain (CTD) (Extended Data Fig. 4a ), and the map was sufficiently detailed to readily assign these domains to their corresponding cryo-EM densities. Given a lack of MMTV IN structures, the different protein domains were crystallized as IN CCD , IN CTD and IN NTD-CCD fragments, and these structures were refined to 1.7 Å, 1.5 Å and 2.7 Å resolution, respectively (Extended Data Fig. 5 and Extended Data Table 1 ). MMTV DNA was modelled using PFV intasome DNA coordinates and by extending the modelled fragment by 3 bp in the region distal from the IN active sites to account for the different vDNA lengths. Using rigid-body docking, the two vDNAs and eight NTDs, CCDs and CTDs were unambiguously positioned into the cryo-EM map (Fig. 2b ). Rosetta [15] [16] [17] was used to refine the X-ray structures and vDNA, and to build a subset of interdomain linker regions to best fit the density within the intasome core region (Extended Data Fig. 6 and Supplementary Videos 1-5 Fig. 4b ).
The structures of the MMTV and PFV intasomes were compared to ascertain aspects of the new structure important for DNA recombination (Fig. 3a) . The PFV intasome is composed of two IN dimers A and B, with the inner protomers of each dimer (IN 1 and IN 3 ; red and green in Fig. 3a ) adopting extended conformations 2 . The NTDs and CTDs of the outer IN protomers (chartreuse (light green) and orange in Fig. 3a ) are unseen in PFV intasome density maps. The architecture in the core density region of the MMTV intasome is strikingly similar to the PFV structure.
For example, the positions of the CCDs and NTDs that contact vDNA (red IN 1 and green IN 3 in Fig. 3a ) are analogous. The two remaining NTDs in the core region stabilize the CCD dimer interface in an arrangement identical to that seen in the IN NTD-CCD crystal structure (Extended Data Figs 5d and 6e). Both flanking density regions contain a CCD dimer that is also stabilized on each side by NTDs, mimicking the CCD dimer arrangements found in the core density region.
The arrangements of the CTDs differ dramatically between the MMTV and PFV structures, with MMTV IN residue Arg240 mediating several key contacts. For example, core protomer IN 1 Arg240 interacts with vDNA while IN 2 Arg240 interacts with IN 1 Asp233 (Fig. 3b ). Flanking protomer IN 5 Arg240 engages its IN 6 neighbour whereas IN 6 Arg240 mediates an inter-dimeric interaction with core protomer IN 1 Asp223, docking the flanking IN dimer to the core structure ( Fig. 3b ). To test the functionality of the flanking IN dimers, complementation assays were performed by varying ratios of wild-type (IN WT ) and mutant IN proteins in strand transfer reactions. Similar strategies were used previously to dissect the division of labour within multimeric complexes of retroviral IN [18] [19] [20] [21] as well as the related bacteriophage Mu transpososome 22 .
IN R240E , which like IN WT purified as a dimer (Extended Data Fig. 7 ), was defective for strand transfer activity ( Fig. 4a Letter reSeArCH curve overlaid that predicted for non-functional protein, we moreover conclude that CCD-mediated dimerization is critical for flanking IN CTD function ( Fig. 4) .
Analysis of IN primary sequences suggests an explanation for the octameric arrangement of IN within the MMTV intasome when an IN tetramer suffices for PFV integration. Whereas fifty-residue CCD-CTD linkers afford the positioning of inner PFV IN CTDs for vDNA and tDNA engagement 2,3 , the analogous eight-amino-acid MMTV linker is simply too short to accomplish the task (Extended Data Fig. 8a ). MMTV has accordingly evolved to employ flanking IN dimers to nestle CTDs into the core intasome structure to provide essential CTD function in trans for integration. As flanking IN dimer CTDs 6 and 8 structurally mimic the PFV domains ( Fig. 3a and Extended Data Fig. 8a ), we presume these CTDs will engage tDNA during MMTV integration. Extending our analysis to other retroviruses indicates that in addition to the spumaviruses, IN tetramers could suffice for gamma-and epsilonretroviral intasome activity, while an IN octamer will be required to catalyse alpharetrovirus in addition to betaretrovirus integration (Extended Data Fig. 8b ). We note that an octameric IN architecture for the alpharetrovirus Rous sarcoma virus intasome has recently been independently determined 24 . Whereas most studies have highlighted a tetramer as the IN species that catalyses concerted HIV-1 integration 9,25,26 , others have implicated a role for octameric IN 27,28 . Given the intermediary length of lentiviral IN CCD-CTD linker regions (Extended Data Fig. 8b ), the higher-order nature of IN in active HIV-1 intasomes may need to be re-evaluated.
PFV IN, which cleaves tDNA phosphodiester bonds separated by 4 bp, preferentially integrates into flexible sequences, whereas MMTV and Rous sarcoma virus IN, which cleave tDNA with 6 bp staggers, are relatively unconstrained by tDNA flexibility 3, 29 . Superposition of the MMTV and PFV intasome structures revealed that the two sets of catalytic IN active sites almost perfectly aligned (Extended Data Fig. 8c ). The same practical spacing of IN active sites therefore catalyses PFV and MMTV integration into sharply bent versus relatively non-deformed tDNA, respectively (Extended Data Fig. 8d ). Owing to their positions in the structure, we note that the flanking IN dimers dramatically expand the potential contact area with tDNA, which is likely to have consequences for the docking of alpha-and betaretroviral intasomes to host chromatin. 
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MethODS
Statistical methods were not used to predetermine sample sizes. Experiments were not randomized and the investigators were not blinded to allocation during experiments and outcome assessment. DNA constructs. Full-length (FL) MMTV IN 31 Purified INs were concentrated by ultracentrifugation using 10-kDa molecular mass cutoff Millipore concentrators and dialysed overnight against SEC1 buffer supplemented to contain 10% glycerol. Protein concentration was determined by spectrophotometry, and aliquots flash-frozen in liquid N 2 were stored at −80 °C. Purified INs were analysed by SEC using a Superdex 3.2/300 column equilibrated with SEC1 buffer; protein standards were from Bio-Rad. MMTV intasome assembly. Intasomes were assembled by mixing 128 μM MMTV IN with 38 μM 22 bp preprocessed vDNA (5′-CAGGTCGGCCGACTGCGGCA/ 5′-AATGCCGCAGTCGGCCGACCTG) in 20 mM HEPES, pH 7.6, 600 mM NaCl, 2 mM DTT, before dialysis for 16 h at 4 °C against 25 mM Tris-HCl, pH 7.4, 80 mM NaCl, 2 mM DTT, 25 μM ZnCl 2 , 10 mM CaCl 2 . The resulting milky white precipitate was dissolved by adding NaCl to the final concentration of 250 mM, followed by incubation on ice for 1 h. After centrifugation for 10 min at 20,000 g at 4 °C, soluble intasomes were purified by SEC using Superdex 200 10/300 equilibrated with 25 mM Tris-HCl, pH 7.4, 200 mM NaCl, 2 mM DTT, 25 μM ZnCl 2 , 10 mM CaCl 2 (SEC2 buffer). Intasome-containing fractions, which eluted around 10.5 ml, were concentrated by ultracentrifugation using 10-kDa cut off concentrators. In vitro integration assays. Strand transfer assays were performed as described previously 31 . Briefly, 1 μM intasome or 1 μM MMTV IN plus 0.5 μM vDNA were mixed with 300 ng pGEM-3 tDNA in 40 μl of 20 mM HEPES, pH 7.4, 60 mM NaCl, 5 mM MgCl 2 , 4 μM ZnSO 4 , 10 mM DTT. Reactions incubated for 1 h at 37 °C were terminated by adding 25 mM EDTA-0.5% SDS. DNA products deproteinized by digestion with proteinase K and precipitated with ethanol were analysed by electrophoresis through 1.5% agarose gels and visualized by staining with ethidium bromide. Raltegravir, which was used at the final concentration of 100 μM, was obtained from Selleck Chemicals. Proteins were premixed on ice before addition to reactions for biochemical complementation assays. Concerted integration products were measured by band intensity quantification relative to IN WT product formation, which was set to 100% using Molecular Imager Gel Doc TM XR+ System with Image Lab software (BioRad); the background across eight gel images corresponded to 1.26% ± 0.47% of IN WT function.
Concerted integration reaction products were cloned and sequenced essentially as previously described 32 . Briefly, DNA excised from agarose gels was repaired using Phi29 DNA polymerase (New England Biolabs) and ligated to a PCR-amplified kanamycin resistance cassette. Plasmids recovered after transformation of ligation mixtures into E. coli were sequenced using primers that annealed to the ends of the cassette DNA. Analytical ultracentrifugation. We analysed sedimentation velocity at 20 °C in a Beckman Optima XL-I analytical ultracentrifuge using an An60Ti rotor and standard two-channel Epon Centerpieces (Beckman-Coulter). Samples were prepared in 20 mM phosphate buffer, pH 7.5, 150 mM NaCl at two loading concentrations, absorbance (A 280 nm ) values of 0.3 and 0.9 for MMTV IN and the intasome, and A 280 nm values of 0.18 and 0.53 for vDNA, to exclude potential mass action oligomerization. IN and vDNA were spun simultaneously at 35,000 r.p.m. for 22 h while the intasome was spun at 27,000 r.p.m. for 12 h; the different rotor speeds were based on the predicted masses of the different macromolecules.
Data were analysed using UltraScan-III version 2.2, release 2000 (ref. 33 ). Hydrodynamic corrections for buffer density and viscosity were estimated with UltraScan to be 1.041 g ml −1 and 1.101 centipoise, respectively. The partial specific volume of IN (0.728 ml g −1 ) was estimated by UltraScan from its protein sequence using a method analogous to the methods outlined in ref. 34 . Sedimentation velocity data were analysed as described 35 . Optimization was performed by two-dimensional spectrum analysis 36 with simultaneous removal of time-invariant and radiallyinvariant noise contributions 37 . Two-dimensional spectrum analysis solutions, which are subjected to parsimonious regularization by genetic algorithm analysis 38 , were further refined using Monte Carlo analysis to determine confidence limits for the determined parameters 39 The data, integrated with XDS 40 , were scaled with Aimless 41 . The structures, which were each derived from a single crystal, were solved by molecular replacement in Phaser 42 using search models generated from PDB entries 1ASV (CCD) 43 , 3F9K (NTD) 10 and 1EX4 (CTD) 44 . The models were rebuilt using ARP/wARP 45 and/or manually in Coot 46 and refined in Phenix 47 and/or Refmac 48 . Pseudo-merohedral twin law (-h,-k,l) was accounted for during refinement of the IN NTD-CCD structure. Final models, validated with MolProbity 49 , had at least 96.9% of residues in the favoured regions and none in the disallowed regions of the Ramachandran plot. Detailed X-ray data collection and refinement statistics are given in Extended Data Table 1 . Cryo-EM data acquisition. Sample containing MMTV intasomes in SEC2 buffer supplemented to contain 0.05% NP-40 was applied onto freshly plasma treated (6 s, Gatan Solarus plasma cleaner) holey carbon C-flat grids (CF-1.2/1.3-4C, Protochips), adsorbed for 30 s and then plunged into liquid ethane using a manual cryo-plunger in an ambient environment of 4 °C.
Data were acquired over three separate sessions using Leginon software 50 installed on an FEI Titan Krios electron microscope operating at 300 kV, with a dose of 40 electrons per pixel per square ångström at a rate of ~6.9 electrons per pixel per second and an estimated underfocus ranging from 1 to 4 μm (centred at 2.6 ± 0.6 μm). The dose was fractionated over 50 raw frames collected over a 10-s exposure time (200 ms per frame) on a Gatan K2 Summit direct detection device, with each frame receiving a dose of ~6.5 electrons per pixel per second. Two thousand seven hundred and fourteen movies were collected and recorded at a nominal magnification of 22,500, corresponding to a pixel size of 1.31 Å at the specimen level. The individual frames were gain corrected, aligned and summed using a graphic processing unit-enabled whole-frame alignment program as previously described 51, 52 , and exposure filtered 53 according to a dose rate of 6.9 electrons per pixel per second. See Extended Data Table 2 for additional details on cryo-EM data collection. Cryo-EM image analysis. Pre-processing operations before the refinement of the final models were performed using the Appion package 54 and were conceptually Letter reSeArCH identical to those previously described 52 . Briefly, single intasome particles (244,315) were selected from the aligned and summed micrographs, from which 147,850 were used to create an initial raw particle stack after removing regions of the micrographs containing carbon and large areas of aggregation. Two-dimensional alignments and classifications were performed using the CL2D 55 and Relion 56 algorithms (Extended Data Fig. 1c) , and an initial model was generated directly from the class averages using OptiMod 57 (Extended Data Fig. 1d ). After iterative rounds of two-dimensional alignment and classification, 77,365 particles remained for three-dimensional refinement and classification. Three-dimensional refinements and classifications were initially performed within Relion 56 , after which the parameters were converted for use in Frealign 58 . The final map was refined in Frealign.
Several conformational states of the intasome were observed after three-dimensional classification in both Relion and Frealign 59 . Whereas one of the resulting maps yielded the stable intasome structure from 41,475 particles ( Fig. 2a , Extended Data Fig. 2c and Extended Data Table 2 ), all other maps (one of which is shown in Extended Data Fig. 3b ) displayed mobility in the flanking regions, which did not resolve by further classifying the data. To improve the resolution of the core region, we ran Relion and recovered four models in the classification. For each of the resulting maps, the flanking regions were segmented and treated with a softedged mask that adopted the shape of the remaining density. Subsequently, for each raw particle, the flanking region from the respective conformational state to which that particle belonged was computationally subtracted from the raw particle image. The contrast transfer function was included in the computational subtraction process. In this manner, data sets lacking most of the flanking INs were created. Refinement of the core intasome data set was then conducted using the likelihood-based approach in Frealign 59 , effectively a focused classification of the core region. The best class was resolved to ~4 Å resolution in the most homogeneous regions using 30,307 particles (Extended Data Fig. 2d and Extended Data Table 2 ). Although slight ghost images remained for the flanking regions within certain particles, they did not dramatically affect the refinement; the use of a tighter mask facilitated the recovery of higher-resolution information.
Assembly of the atomic model. Models of the core intasome and the full octamer structures were built and refined in a stepwise manner using Rosetta 15 starting with rigid-body fitted X-ray structures of individual domains as input. Rosetta protocols were used for all parts of the modelling 60 . To optimally fit X-ray models into the EM density, we first independently refined each individual domain (NTD, CCD and CTD) using multiple-input starting seeds. CCD 1 and CCD 2 were each seeded with six starting X-ray models: independent CCD monomers from chains A-D of the IN CCD structure and monomers A-B of the CCD portions of the IN NTD-CCD structures. CTDs 1, 2, 5 and 6 were seeded with subunits A and B of the IN CTD X-ray model. Likewise, for NTD 1 and NTD 3 , the two different NTDs of the IN NTD-CCD X-ray structure were used as input seeds. All models were refined against the core intasome structure resolved to ~4-5 Å resolution (Extended Data Fig. 2d ). At least 2,000 models were generated from each and the lowest-energy model was selected for moving forward. Modelling quality was assessed by energy scores, structural similarity of the top scoring models and visual inspection (Extended Data Fig. 6a ). We next proceeded to independently model IN 1 , IN 2 , IN 5 and IN 6 , thereby filling in the linker regions between individual domains using seven-amino-acid oligopeptides from the PDB 15 . This enabled de novo modelling for linker residues 45-54 between NTD 1 -CCD 1 and residues 211-213 between CCD 1 -CTD 1 and CCD 2 -CTD 2 (some residues, as well as outlier linker regions, were not modelled owing to disorder; Extended Data Fig. 6b , c); modelling was facilitated by the presence of 'bumps' within the density that corresponded to bulky amino-acid side chains, in particular within NTD 1 -CCD 1 , which is located in the best-resolved region of the structure (Extended Data Fig.  2d ). IN 1 and IN 2 were each seeded with combinations of the best models arising from refinement of individual domains and were subsequently refined against the core intasome density map. Two thousand models were again generated for each, and the best were selected to move forward. This set of procedures produced FL models for IN 1 and IN 2 and models for CTD 5 and CTD 6 fitted to the EM protein density. MMTV DNA was modelled on the basis of the X-ray structure of the PFV intasome (PDB accession number 3L2Q). This model was rigid-body docked into the EM density and then relaxed with Rosetta. The complete intasome model was iteratively relaxed with Rosetta and then adjusted manually using Coot 46 . Several iterative rounds of refinement and inspection were performed using MolProbity 49 at the end of each round until a consensus model was obtained (Extended Data Fig. 6c, d and Extended Data Table 2 ). IN linker regions. Linker lengths for Extended Data Fig. 8b were assessed by aligning published 30 or in-house generated IN sequence alignments against alignments based on known domain structures 2 (Extended Data Fig. 4a ). The following sequences were included: gammaretroviruses: Moloney murine leukaemia virus (GenBank accession number J02255.1), reticuloendotheliosis virus strain A
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Extended Data Figure 1 | Cryo-EM data and refinement. a, Representative cryo-electron micrograph of MMTV intasomes, taken at 2.7 μm underfocus. b, Same as in a, marked to show selected particles. c, Two-dimensional class averages calculated using Relion 56 . d, Initial model from the class averages calculated using OptiMod 57 . e, Refined reconstruction from the full data set, with an Euler angle distribution plot showing the relative orientations of the particles.
Extended Data Figure 6 | Molecular modelling of cryo-EM density. a, Stereo views showing comparisons between the starting X-ray domain models and refined cryo-EM domain models for IN 1 highlight relatively minor structural perturbations that are evident only in the most flexible regions of the intasome. b, Linker region snapshots. Atomic models were built de novo from the cryo-EM density for the indicated linkers in the top two panels (residues 45-54 connecting NTD 1 and CCD 1 and CCD-CTD residues 211-213). Linkers NTD 2 -CCD 2 , CCD 5 -CTD 5 and CCD 6 -CTD 6 were not modelled, but are shown as cryo-EM density (red) in the lower panels. c, Stereo view of the cryo-EM model for the MMTV intasome core region (Extended Data Fig. 2d ), generated using Rosetta [15] [16] [17] . All domains were refined starting with the X-ray crystal structures (Extended Data Fig. 5 ). Specific linker regions were built de novo (continuous red lines) from the cryo-EM density, whereas lower-resolution linker regions (red dotted lines) were omitted from the model. 
